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a b s t r a c t
Experimental Hall data that were carried out as a function of tem-
perature (60–350 K) and magnetic field (0–1.4 T) were presented
for Si-doped low Al content (x = 0.14) n–AlxGa1−xAs/GaAs het-
erostructures thatwere grownbymolecular beamepitaxy (MBE). A
2-dimensional electron gas (2DEG) conduction channel and a bulk
conduction channelwere founded after implementing quantitative
mobility spectrum analysis (QMSA) on the magnetic field depen-
dent Hall data. An important decrease in 2DEG carrier density was
observed with increasing temperature. The relationship between
the bulk carriers and 2DEG carriers was investigated with 1D self
consistent Schrödinger–Poisson simulations. The decrement in the
2DEG carrier density was related to the DX-center carrier trapping.
With the simulation data that are not included in the effects of DX-
centers, 17 meV of effective barrier height between AlGaAs/GaAs
layers was found for high temperatures (T > 300 K). With the
QMSA extracted values that are influenced byDX-centers, 166meV
of the DX-center activation energy value were founded at the same
temperatures.
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1. Introduction
Device instabilities such as voltage shift [1], source-drain current transients [2], and hot-electron
trapping [3] in n-AlGaAs/GaAs modulation-doped field effect transistors are caused by deep donors
or DX-centers [4–6]. The DX centers in bulk semiconductors have been intensively studied for many
years especially in the 1980s and 1990s [7–9]. Nonetheless, an investigation of DX-centers and the
effects on low dimensional systems are still ongoing processes [10–12].
DX-centers are electron traps that are believed to occur by charge-state-controlled large lattice
relaxation [5]. For the n-AlxGa1−xAs/GaAs heterostructures, these centers are shown to exist in S [13],
Ge [13], Si [13], Te [14,15], Se [14,16] and Sn [14,17] doped samples grown by all the major growth
mechanisms such as molecular beam epitaxy (MBE), liquid phase epitaxy (LPE), or metal organic
vapor phase epitaxy (MOVPE) in the composition range of x > 0.2. This composition range is
highly studied, because two important studies reported two types of donors for the lightly doped
n-AlxGa1−xAs/GaAs heterostructures: shallow donors below the composition range x < 0.2 and DX-
centers above x > 0.3 [18,19]. For the highly doped n-AlGaAs, which are essential for high electron
mobility transistor application, the importance of DX-centers below the composition range x < 0.2
are shown and calculated [3,20].
In this study,we implementedQuantitativeMobility SpectrumAnalysis (QMSA) on n-AlGaAs/GaAs
semiconductors with no spacer layer. With QMSA, bulk conductivity at n-AlGaAs and the 2-
dimensional electron gas (2DEG) conductivity at the n-AlGaAs/GaAs interface is successfully
extracted. Without a spacer layer, it is expected that the (2DEG) mobility will be low due to remote
impurity scattering [21]. However, not using the spacer layer is essential for this study to investigate
the relationship between the carrier densities of the bulk layer and the 2DEG. With the temperature
dependent bulk carrier densities and 2DEG densities, the energy of the DX-states are successfully
extracted.
2. Experimental techniques
Samples were grown on epi-ready semi-insulating GaAs (100) substrate by molecular beam
epitaxy by using a VG-Semicon V80-H solid source MBE system. Samples had an 81.5 nm GaAs layer
on substrate and 168.4 nm Si doped n-type Al0.14Ga0.86As layer on the GaAs layer. Layer thicknesses
and the Al mole fraction were found with high resolution x-ray diffraction (HRXRD) measurements.
For the resistivity and Hall effect measurements by the van der Pauw method, square shaped
(5 × 5 mm2) samples were prepared with four evaporated Au ohmic contacts at the corners. Using
goldwires and In soldering, the electrical contactsweremade and their ohmic behaviorwas confirmed
with the current–voltage (I–V ) characteristics. Themeasurementsweremade at 17 temperature steps
over a temperature range 60–350 K using a Lake Shore Hall effect measurement system (HMS). At
each temperature step the Hall coefficient and resistivity were measured for both current directions,
bothmagnetic field polarization, and all the possible contact configurations at 28magnetic field steps
between 0 and 1.4 T. Themagnetic field dependent data were analyzed by using the QMSA technique.
3. Results and discussion
The resistivity and Hall effect measurements of n-Al0.14Ga0.86As/GaAs heterostructures were
carried out as a function of temperature (60–350 K) and the magnetic field (0–1.4 T). Fig. 1 shows
the temperature dependent Hall mobilities and sheet carrier densities at 0.4 T. Lower mobility at
higher temperatures is because of optical phonon scattering limiting. At lower temperatures, mobility
is increased with decreasing temperature. These behaviors are typical of 2DEG systems and they are
independent of the material system [22]. However, because of the lack of a spacer layer, remote
impurities highly scatter the electrons in the quantum well and the mobility decreased drastically.
This scattering mechanism is called remote impurity scattering and it is one of the major scattering
mechanism at low temperatures [21]. However, in our case, we deliberately did not grow a spacer
layer to investigate the relationship between the carriers in the well and the carriers in the AlGaAs
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Fig. 1. Temperature dependent Hall mobility and Hall sheet carrier density.
barrier layer. For the measured samples, the Hall sheet carrier density was increased by a factor of 10
with the increasing temperature in the studied temperature range.
Magnetic-field dependent data at each temperature step were analyzed using the QMSA
method [23,24]. With the QMSA method, one can easily extract the mobilities and densities of
individual electron and holes in bulk semiconductor materials and heterostructures [25,26]. This
method is shown to be superior to other methods such as the two-carrier fit, multi carrier fit, and
mobility spectrum analysis methods [27–30]. The analysis details are listed in our previous work
for AlGaN/GaN based systems [31]. Fig. 2 shows the Hall results (B = 0.4 T) and QMSA results of
the n-Al0.14Ga0.86As/GaAs heterostructures as a function of temperature for the mobility and the
sheet carrier density. Two carriers are successfully extracted. The one with the higher mobility (blue
triangles) shows the 2DEG characteristics. Increasedmobilitywith decreasing temperature and nearly
temperature independent carrier density are typical for 2DEG systems [22]. A latter carrier (red
squares) is related with a highly doped bulk AlGaAs barrier. The dimensionless product of lowest
mobility and the highest field must be greater than unity to clearly identify additional carriers
(µminBmax > 1). For the QMSA studies, µminBmax = 0.5 can be recommended as a limit [31]. In
this study, this condition seems to be barely fulfilled for the mobilities of the latter carrier extracted
by QMSA (µminBmax ∼ 0.3). However, we also presented successfully extracted different carriers
with low mobilities in an AlGaN/GaN heterostructure grown on sapphire [32]. Because of this barely
fulfilled condition, QMSA results of latter carrier are seemed to be scattered. For a carrierwith such low
product of mobility andmagnetic field, results of QMSA represent an important degree of consistency
and success which can be attributed to iterative nature of QMSA. It can be easily seen in Fig. 2 (b)
that the total carrier density is highly influenced by the bulk carrier. To understand the contributions
of these carriers, the conductivities of carriers and the total conductivity are shown in Fig. 3. At high
temperatures, bulk carriers supply most of the conductivity. However, bulk carriers are frozen out
with the decreasing temperature and the 2DEG conductivity becomes dominant at low temperatures.
As was mentioned above, the temperature independent carrier density is typical of 2DEG systems.
In many studies, including ours, 2DEG dominant Hall carrier densities are slightly increased with
increasing temperature due to the thermal activation of bulk carriers at the barrier or other bulk-
related layer [31,33,34]. After implementing QMSAmethod, 2DEG densitiesmostly show temperature
independent behavior [22,26,33,35,36]. However, in this study, the 2DEG density extracted by QMSA
is drastically decreased with increasing temperature. This is mainly because of the non-inclusion of
a spacer layer that concludes a high level of interaction between 2DEG electrons and bulk electrons
at the AlGaAs barrier. Theis et al. explained the interaction of the 2DEG electrons and bulk electrons
with the trapping of DX-centers in the AlGaAs barrier layer as ‘‘Trapping by DX centers reduces the
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Fig. 2. Temperature dependent mobilities (a) and sheet carrier densities (b) of the carriers extracted by QMSA. Hall results are
also shown for comparison.
net positive charge in the n-AlxGa1−xAs. The overall charge neutrality is maintained as the density of free
electrons in the GaAs conducting channel, and hence the channel conductivity is reduced’’ [3]. In our case,
charge neutrality preservation shows itself with the reduction in the carrier density. Therefore, the
electron transfer between the bulk and 2DEG channels at higher temperatures can be accepted as
highly influenced by the DX-center trapping.
We solved the temperature dependent 1D Poisson–Schrödinger equations self-consistently in
order to calculate the band structure and carrier density distribution without including the effects
of DX-centers for the investigated heterostructure [37]. In Fig. 4, the temperature dependent carrier
density distribution at the n-AlGaAs/GaAs interface is shown. Carrier density at the n-AlGaAs barrier
layer is decreased and 2DEG density at the interface is increased with the decreasing temperature.
These results are qualitatively matched with the experimental results. For the investigated samples,
2DEG is to be populated only at the first subband. The temperature dependent location of the first
subband (ε1)with respect to the Fermi level (εF ) can be calculated from the well-know equation [38]
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Fig. 3. Temperature dependent sheet conductivities calculated with Hall results and results extracted by QMSA.
Fig. 4. Temperature dependent simulated carrier densities of n-AlGaAs barrier layer (nBulk) and the 2DEG (n2D). Insert:
Temperature dependent first subband energywith respect to the Fermi level for results extracted byQMSA results (filled circles)
and results calculated with simulations (solid line). Conduction band diagram with Fermi level, effective barrier height (∆E),
first subband energy and the probability density of the 2DEG electron ((ψ1)2) is also shown in a box.
Here n2D is the 2DEG carrier density and m∗ is the effective mass. Eq. (1) is used to calculate first
subband energy for measurement results extracted by QMSA (filled circles in the insert of Fig. 4) and
for simulation results (solid line in the insert of Fig. 4). Because of the finite probability density of 2DEG
at the barrier layer at low temperatures, the interface cannot be used as a separation point between
the n2D and bulk carrier density (nBulk). Therefore, these carrier density values are calculated with
respect to the minimum carrier density point between these two populations (see Fig. 4). The results
are in good agreement at low and mid-temperatures, which we can result in the 2DEG population
being accepted as independent fromDX-center influence. At higher temperatures, this agreement has
becomeworse because of the n2D diversity between the results extracted by QMSA and the simulation
results.
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Fig. 5. Logarithm of the n2D/nBulk as a function of the reciprocal temperature for the results extracted by QMSA and the
simulation results. Fitted ∆E values are shown as full lines. Insert: Temperature dependent carrier densities of 2DEG carrier
extracted by QMSA (blue triangles), bulk carrier extracted by QMSA (red squares), simulational 2DEG carrier (blue dashed line)
and simulational bulk carrier (red dashed line). Full line shows the n2D calculated with using ∆E = 166 meV and nBulk values
extracted by QMSA. (For interpretation of the references to colour in this figure legend, the reader is referred to theweb version
of this article.)
In Fig. 5 insert, nBulk and n2D (red squares and blue triangles, respectively) values extracted byQMSA
and the simulational values of nBulk and n2D (red dashed line and blue dashed line, respectively) are
shown. For the bulk carrier, the results extracted by QMSA and the simulation results are completely
in agreement. For the 2D carrier, the averages of the results are in agreement. At low temperatures, the
temperature dependence of both results that are extracted by QMSA and calculated with simulations
show the same behavior. However, at temperatures above 200 K, the simulation values show more
temperature independency.
The relation between n2D and nBulk can be given with the equation
n2D ∝ nBulk e∆E/kT . (2)
Eq. (2) is a simple relationship to explain the real space charge transfer between quantum well
(n2D) and barrier layer (nBulk), and here ∆E is expected to be barrier discontinuity [39]. However,
there is a dominant DX-center trapping in our case, and ∆E can be accepted as effective barrier
height. Because of the effect of DX-centers at high temperatures [3], ∆E can be interpreted as the
DX-center activation energy. Eq. (2) is used to calculate∆E for the results extracted by QMSA and the
results calculated with simulations. In Fig. 5, ln(n2D/nBulk) versus reciprocal temperature is shown.
For the carrier densities that are calculated with simulation, the effective barrier height is found to
be 17 meV, which is smaller than the barrier discontinuity value (∆E = 113 meV) for undoped
Al0.14Ga0.86As/GaAs [40]. For modulation doped AlGaAs/GaAs heterostructures, the effective barrier
height is expected to be low due to a tunneling possibility from the barrier to the quasitriangular well
(see box in Fig. 4). For the carrier densities that are extracted by QMSA, ∆E is found to be 166 meV
at high temperatures. At low temperatures, the value is converged to a simulation scale. The value of
166meV is accepted as the DX-center activation energy of Si doping in the AlGaAs barrier layer, which
is consistent with the literature values that are calculated by using the Hall data [6,19]. In Fig. 5 insert,
full line shows n2D values that calculated using Eq. (2) with∆E = 166 meV and nBulk values extracted
by QMSA. As shown from the figure, high temperature behavior of n2D can be explained successfully
with Eq. (2) and active DX-center trapping.
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4. Conclusion
Hall effect measurements on Si-doped Al0.14Ga0.86As/GaAs heterostructures that are grown by
MBE were carried out as a function of temperature (60–350 K) and as a function of a magnetic field
(0–1.4 T).Magnetic field dependentHall data are analyzedbyusing the quantitativemobility spectrum
analysis (QMSA). With the QMSA, two conduction channels (2DEG at the AlGaAs/GaAs interface and
bulk electron at the barrier layer) were found over the studied temperature range. To explain the
temperature dependent carrier density behaviors of these conducting channels, 1D self-consistent
Schrödinger–Poisson equations were solved for the investigated samples. A high difference at high
temperatures was observed for the 2DEG carrier density, in which this difference was explained
with the DX-center trapping mechanism at the barrier layer. The barrier discontinuity value between
the AlGaAs and GaAs layers was accepted as an effective barrier height. Moreover, because of the
important DX-center influence at high temperatures (T > 300 K), an effective barrier height is
accepted as DX-center activation energy. For the investigated samples, an effective barrier height
value of 17 meV and a DX-center activation energy value of 166 meV are found by using simulations
and results extracted byQMSA. The calculatedDX-center activation energy value is in good agreement
with the literature.
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